The ability of CaMKII to act as a molecular switch, becoming Ca 2+ independent after activation and autophosphorylation at T287, is critical for experiencedependent plasticity. Here, we show that the Drosophila homolog of CASK, also known as Camguk, can act as a gain controller on the transition to calcium-independence in vivo. Genetic loss of dCASK significantly increases synapse-specific, activity-dependent autophosphorylation of CaMKII T287. In wild-type adult animals, simple and complex sensory stimuli cause region-specific increases in pT287. dCASK-deficient adults have a reduced dynamic range for activitydependent T287 phosphorylation and have circuitlevel defects that result in inappropriate activation of the kinase. dCASK control of the CaMKII switch occurs via its ability to induce autophosphorylation of T306 in the kinase's CaM binding domain. Phosphorylation of T306 blocks Ca 2+
Introduction
Autophosphorylation of CaMKII at a site in the N terminus of its autoregulatory domain (T287 in Drosophila and T286 in mammalian aCaMKII) confers Ca 2+ -independent activity on the enzyme (Lou and Schulman, 1989; Miller and Kennedy, 1986; Miller et al., 1988; Schworer et al., 1988; Thiel et al., 1988; Wang et al., 1998) . This switch-like property of the kinase is crucial to its role in long-term potentiation and memory formation in mammals and flies (Giese et al., 1998; Hardingham et al., 2003; Mehren and Griffith, 2004) , and generation of the autonomous form of the kinase can be stimulated by a number of different behaviors and activity paradigms (Fukunaga et al., 1993; Lie et al., 2005; Singh et al., 2005; Zhao et al., 1999) . Interestingly, in mice, both mutations that prevent T286 phosphorylation (Giese et al., 1998) , and transgenes that increase constitutive activity (Mayford et al., 1996) have been shown to block plasticity. This implies that the level of constitutive activity needs to be tightly controlled to remain in a range optimal for learning. This balance has been believed to be exerted by the positive effects of Ca 2+ /CaM and the negative effects of phosphatases (Miller et al., 2005) . To date, no proteins other than calmodulin have been shown to influence the development of autonomous activity via T287 autophosphorylation.
The function of autophosphorylation in the C terminus of the regulatory domain within the CaM binding region (T306 in Drosophila and T305 in mammalian aCaMKII) has been more mysterious, but also has consequences for plasticity (Elgersma et al., 2002) . In the test tube, with purified kinase, this phosphorylation occurs only after T287 phosphorylation and removal of CaM with EGTA because the site is protected from phosphorylation by bound CaM (Colbran and Soderling, 1990; Lou and Schulman, 1989; Lu et al., 2003; Patton et al., 1990) . With purified kinase, this means that pT306 is only found in doubly phosphorylated pT287, pT306 enzyme. Recently, a novel mechanism for phosphorylation of T306 in the absence of pT287 has been described . The Drosophila homolog of CASK, also known as Camguk, interacts with the regulatory domain of the kinase and, when the CaM binding site of the kinase is unoccupied (e.g., when synaptic calcium is low), stimulates the kinase to autophosphorylate at T306. This reaction releases CaMKII from the dCASK complex in a form that is incapable of binding Ca 2+ /CaM and has been suggested to provide a mechanism for downregulation of the activatable kinase pool at quiescent synapses. The effects of dCASK on T287 phosphorylation have not been addressed, and modulation of this site would have important consequences for plasticity.
In this study, we present evidence that dCASK can also act as an activity-dependent modulator of the levels of constitutively active CaMKII in vivo. CaMKII pT287 autophosphorylation occurs within the dodecameric holoenzyme and requires Ca 2+ /CaM to be bound to both the subunit doing the catalysis and the subunit that contains the substrate threonine. This cooperativity implies that modifications that alter the ability of Ca 2+ /CaM to bind would affect the ability of the kinase to become Ca 2+ independent. Because it promotes phosphorylation of T306, interaction with dCASK regulates T287 phosphorylation by altering the occupancy of CaM binding sites in the holoenzyme. We show in vivo that this postsynaptic interaction provides a synapse-specific mechanism to alter the probability of generating autonomous activity that is controlled by the activity history of the synapse. This makes dCASK an important gain controller for the CaMKII molecular switch.
Results
dCASK Alters the Ability of CaMKII to Autophosphorylate at T287 dCASK, the Drosophila homolog of C. elegans Lin-2 and mammalian CASK, is a member of the MAGUK family of scaffolding proteins that contains an N-terminal CaMKII-like domain along with the canonical MAGUK PDZ, SH3, and GUK domains. dCASK has been shown to physically interact with CaMKII and regulate *Correspondence: griffith@brandeis.edu phosphorylation of CaMKII T306 postsynaptically in Drosophila . We examined the levels of pT287 CaMKII in wild-type and dCASK-deficient fly head extracts by Western blotting with a phosphospecific antibody to T287 to determine if dCASK affected autophosphorylation of this site in vivo. Animals carrying a deletion of the dCASK locus have very little pT306 compared to wild-type animals, but total CaMKII levels are unchanged . Figure 1 demonstrates that phosphorylation of T287 is also sensitive to dCASK levels but is modulated in opposite direction from T306; deficiency animals with no dCASK protein have significantly higher pT287 levels than wild-type (p < 0.01, Student's t test).
Acute Activity Modulates CaMKII Autophosphorylation in a dCASK-Dependent Manner Synaptic phosphorylation of T286 in mammals is activity regulated. To determine if CaMKII autophosphorylation is regulated by acute changes in activity in Drosophila and whether this is modulated by dCASK, we turned to the third-instar larval neuromuscular junction (NMJ). We have previously shown that CaMKII pT306 levels are regulated by both dCASK and chronic changes in neuronal activity at this synapse . To find out if acute activity could regulate CaMKII autophosphorylation, we applied a strong stimulus to the motor axon on one side of the animal and stained with an antibody that recognized total kinase and an antibody that recognized either pT287 or pT306. Figures  2A and 2B show CaMKII and pT306 staining of two muscle 12 NMJs from the same animal. Figure 2A shows the unstimulated side, while Figure 2B shows the stimulated side. A small decrease in pT306 is can be seen with stimulation, suggesting that synaptic activity may activate a pT306 phosphatase. Figures 2C and 2D show NMJs from an animal stained with anti-CaMKII and antipT287. A significant increase in pT287 can be seen on the stimulated side.
To quantify these changes, immunoreactivity of phosphospecific antibodies was normalized to total synaptic kinase. Comparison of the stimulated side to the unstimulated side in wild-type animals demonstrates that acute activity slightly decreases pT306 in wild-type and dCASK-deficient animals ( Figure 2E ). In animals that overexpress dCASK postsynaptically, activity causes a much more significant percent decrease in pT306 (p < 0.001). This may be due to the fact that these animals have elevated baseline levels of pT306 . Alternatively, dCASK might directly or indirectly regulate activity of a phosphatase in periods of high activity.
The effect of acute activity on pT287 levels is qualitatively different than its effects on pT306 ( Figure 2F ). Wild-type flies have a modest but significant increase in pT287 (p < 0.05), and postsynaptic overexpression of dCASK blocks this effect (stimulated not different from unstimulated, p > 0.05). The NMJs of animals that lack dCASK have an exaggerated response to activity, which quadruples the pT287 content of CaMKII compared to wild-type (p < 0.001 compared to wild-type). These data support the idea that dCASK acts as a gain control on activity-dependent T287 phosphorylation.
Modulation of CaMKII T287 Autophosphorylation by Activity and dCASK Is Synapse Specific
The ability to independently regulate the strength of individual synapses on a neuron confers computational strength to the nervous system. CaMKII autophosphorylation within the postsynaptic apparatus is believed to be synapse specific in mammalian neurons and to contribute to synapse-specific plasticity (for review see Merrill et al. [2005] ). For dCASK modulation of CaMKII autophosphorylation to be useful for such processes it must also be synapse specific. To investigate this in Drosophila, we altered electrical activity or dCASK levels selectively in muscle 12 and examined the phosphorylation of CaMKII at synapses on muscles 12 and 13 that are made by a single type II motor neuron. Figure 3A shows a representative muscle 12/13 preparation, demonstrating the ability to differentially manipulate type II synapses.
Phosphorylation of T306 was increased at muscle 12 synapses containing more postsynaptic dCASK relative to synapses made by the same neuron onto muscle 13 ( Figure 3B ). Decreasing electrical activity in the postsynaptic cell by expressing dORKDC, a hyperpolarizing potassium channel (Nitabach et al., 2002) , had little (A) Extracts of wild-type and dCASK-deficient (Df(3)x307/Df(3)x313) adult heads were separated by SDS-PAGE, transferred to nitrocellulose, and probed for pT287 (1:1000) and actin (1:1000) by immunoblotting. The multiple bands seen with anti-pT287 reflect CaMKII splice isoforms (Griffith and Greenspan, 1993) . (B) Anti-pT287 immunoreactivity from three experiments was quantified and normalized to actin using a phosphoimager. dCASKdeficient animals had significantly higher levels of pT287 (p < 0.01, Student's t-test; data are presented as mean 6 SEM).
effect on T306. This may be due to the low levels of endogenous dCASK at type II synapses (see Figure 1B of Lu et al., 2003) .
Phosphorylation of T287 was decreased in manipulated synapses compared to synapses made by the same neuron onto a normal postsynaptic cell ( Figures  3A and 3C ). Both electrical silencing with dORKDC and postsynaptic overexpression of dCASK led to lower pT287 levels specifically in muscle 12 synapses. None of the manipulations changed total CaMKII levels ( Figure 3D ).
Autophosphorylation of T287 and T306 on CaMKII Is Regulated Independently in Different Adult Brain Areas Assessment of NMJ autophosphorylation gave us the opportunity to probe the CaMKII/dCASK interaction under very defined conditions at a well-characterized synapse to demonstrate that dCASK is a synapse-specific and activity-dependent modulator of T287 phosphorylation. Changes in dCASK function , CaMKII levels (Ashraf et al., 2006) , and CaMKII autophosphorylation (Mehren and Griffith, 2004) have been shown to be important for learning-related neuronal plasticity of the adult Drosophila brain. To determine if regulation of CaMKII autophosphorylation could be mediated by dCASK in adults, we double-stained sections of wild-type male brains with antibodies that recognized total CaMKII protein or were specific to CaMKII phosphorylated at either T287 or T306. As previously reported (Takamatsu et al., 2003) , CaMKII protein was found in all neuropil regions and at lower levels in somatic regions surrounding them ( Figures 4A and 4B , left panels). Autophosphorylation of CaMKII at T287 and T306 occurred primarily in synaptic areas (Figures 4A and 4B, middle panels) . dCASK has previously been shown to be expressed relatively uniformly in all synaptic regions in adult Drosophila brain (Lopes et al., 2001; Martin and Ollo, 1996) .
Although staining with the two phosphospecific antibodies occurred in all the regions containing CaMKII, the absolute intensity of staining did not directly parallel total kinase levels ( Figures 4A and 4B , right panels). Regions in which total CaMKII appeared similar could have very different levels of autophosphorylation. It was also clear that the patterns of staining seen with the antipT306 and anti-pT287 antibodies were distinct. Obvious examples of this are the retina and the lamina where the R1-6 photoreceptors synapse. In retina, pT306 is very high, but there is less pT287. In the laminar synaptic region, the opposite is true. In other regions such as the antennal lobe (AL) and mushroom body (MB), calyx phosphorylation levels were roughly equivalent. This is made clear by examination of the ratios of phosphospecific antibody CaMKII staining in various brain regions ( Figure 4C ). While these numbers have no intrinsic meaning in terms of site occupancy for either phosphorylation, the ratio does reflect relative occupancy within Acute synaptic stimulation (10V at 10 Hz for 1 s every 5 s for 5 min) was delivered to NMJs on one side of an animal. Preps were fixed immediately and stained with antibodies specific for CaMKII and for CaMKII phosphorylated either at T306 or T287. Fluorescence intensity measurements were taken at synaptic boutons on muscle 12. y axes represent the percent change of stimulated over unstimulated within the same animal. All preps were processed in parallel, imaged with identical settings, and quantified blind to genotype. Data are presented as mean 6 SEM, and the stimulated side was compared to the unstimulated side with the Student's t test. (A) Unstimulated wild-type NMJ stained with anti-CaMKII (magenta) and anti-pT306 (green). (B) Stimulated wild-type NMJ from the same animal as in (A). Magenta represents total CaMKII, and green represents pT306 levels. (C) Unstimulated wild-type NMJ stained with anti-CaMKII (magenta) and anti-pT287 (green). (D) Stimulated wild-type NMJ from the same animal as in (A). Magenta represents total CaMKII and green represents pT287 levels. (E) Activity reduces pT306 in a dCASK-dependent manner. dCASK null (n.s., n = 58) and wildtype (n.s., n = 103) animals have small but statistically insignificant reductions in pT306. Animals expressing UAS-dCASK driven by MHC-GAL4 (p < 0.001; n = 99) show a significant activity-dependent reduction in pT306. (F) Activity-dependent phosphorylation of T287 is gated by dCASK. Synaptic activity significantly increases pT287 in wild-type animals (p < 0.05; n = 140). In the absence of dCASK (p < 0.001; n = 30) the increase in T287 phosphorylation is quadrupled. Postsynaptic overexpression of dCASK (n.s., n = 20) blocked the activity-dependent increase in pT287. a region. These data strongly suggest that autophosphorylation of T287 and T306 are regulated independently and that properties of particular circuits or subcellular locations can modulate autophosphorylation.
In Adult Brain, dCASK Modifies the Effect of Sensory Input on T306 Levels To determine if a natural stimulus that alters the level of activity within a neural pathway could affect CaMKII autophosphorylation specifically within that circuit, we compared pT306 levels in sections of animals that had been dark reared to those found in animals raised in a 12 hr:12 hr light:dark cycle. Levels of pT306 measured at boutons of adult muscles were unaffected by light conditions but were decreased by dCASK deficiency ( Figure 5A ), consistent with previous work at the larval NMJ . In the CNS of wild-type animals, phosphorylation of T306 was decreased by light input in the retina and in the medulla where R8 photoreceptor axons terminate in neuropil layer M3 (Fischbach and Dittrich, 1989 ) (p < 0.001 and p < 0.05, respectively). Light did not significantly affect the level of pT306 at R1-R6 or R7 photoreceptor synapses in the lamina and medulla of wild-type animals.
In the retina of dark-reared dCASK mutant animals, pT306 levels were decreased in comparison to wildtype (p < 0.001). In lamina and medulla, pT306 levels at the R1-R6 and R7 synapses in dark-reared animals were not significantly affected, but at medullar R8 photoreceptor synapses it was decreased (p < 0.05). For dCASK-deficient animals, light profoundly decreased pT306, even below levels seen in wild-type (p < 0.001). This may reflect a difference in the ''set point'' of multiple kinase autophosphorylation sites in these animals (see Discussion).
dCASK Regulates the Dynamic Range of the T287 Switch Increases in neuronal activity are known to stimulate autophosphorylation of CaMKII at T287 and convert it into a Ca 2+ /CaM-independent enzyme. To test the ability of light to stimulate T287 phosphorylation in the adult optic system, we examined head sections stained with antipT287. In wild-type adult fly heads, light significantly increased pT287 in the retina and at synaptic regions in the optic lobes corresponding to R7 and R8 photoreceptor termini ( Figure 5B ; p < 0.001). The light-dependent increase in pT287 in the axon terminal fields of R1-R6 photoreceptors was not statistically significant.
In the optic system of dark-reared animals containing no dCASK protein, pT287 levels were in general higher than wild-type (for R8 and R7 synaptic terminals p < 0.001). Increased neuronal activity due to light stimulus was able to increase pT287 level to that found in Figure 3 . dCASK Modulates CaMKII Phosphorylation in a Synapseand Activity-Dependent Fashion Activity and postsynaptic dCASK levels affect CaMKII autophosphorylation synapse specifically. A single neuron (MNSNb/d-II) innervates both muscles 12 and 13 with small type II terminals. A muscle 12-specific GAL4 line (Ritzenthaler et al., 2000) was used to drive expression of GFP (as a control), dCASK, or dORKDC, a hyperpolarizing potassium channel. Total and autophosphorylated CaMKII were measured in type II boutons of muscles 12 and 13. The M12/M13 ratio for synapses from single MNSNb/d-II neurons was calculated to assess the synapse-specific effects of manipulations. (A) GAL4-5053a/UAS-dORKDC-GFP NMJ stained with anti-pT287. Muscles 13 (top) and 12 (bottom) are shown. Magenta represents pT287, and green represents dORKDC-GFP. Type II boutons are indicated by asterisks. Scale bar = 30 mm.
(B) pT306 levels were increased by postsynaptic dCASK (p < 0.001; n = 40) with respect to control (GFP, n = 64). Decreased activity (dORKDC) had little effect (n = 100). (C) pT287 levels were decreased by dCASK (p < 0.001; n = 75) and decreased activity (dORKDC, p < 0.001, n = 70) compared to control (GFP, n = 71). (D) Total CaMKII levels did not vary between genotypes (GFP, n = 64; dORKDC, n = 50; dCASK, n = 48). All data are presented as mean 6 SEM.
wild-type animals, but no higher. Since basal pT287 levels are elevated in this genotype, this suggests that the dynamic range of T287 phosphorylation is blunted in dCASK-deficient animals.
The retina, lamina, and the medulla are areas of the brain specialized to receive and process light information, and as such it makes sense that they show activity-induced changes in CaMKII autophosphorylation. To test the specificity of the light-induced increases in pT287, we measured levels of phosphorylation in nonoptic areas ( Figure 5C ). Areas of the nervous system such as the NMJ or antennal lobes that have no optic inputs and areas in the CNS that only indirectly receive information about light such as the mushroom bodies (Heisenberg, 1994) might be expected to have a smaller response. Quantification of bouton pT287 at the adult NMJ shows that there is no difference between lightand dark-reared animals (p > 0.05). Likewise, in wild-type animals, there is no enhancement of T287 autophosphorylation in the antennal lobes or the mushroom bodies (p > 0.05).
dCASK Regulates the Set Point and Fidelity of the T287 Switch While light does not affect CaMKII autophosphorylation at nonoptic synapses, the level of dCASK protein does. Multifactoral ANOVA of the entire data set indicates that there is a significant genotype effect (p < 0.001). Animals with no dCASK protein have significantly higher levels of pT287 in both light-and dark-reared conditions at the NMJ, a synapse which does not get either direct or indirect information about light levels (p < 0.001). Similarly, levels of pT287 are slightly, but not significantly, higher in antennal lobes of dCASK-deficient animals compared to wild-type. In neither of these synaptic regions does light alter pT287 in dCASK-deficient animals (p > 0.05).
The situation in the mushroom bodies is more interesting. This brain region may receive inputs from optic centers via a polysynaptic pathway (Barth and Heisenberg, 1997; Griffith, 1997, 2000) . In mushroom body calyx, light is able to evoke an increase in pT287 (p < 0.05) in animals that do not have dCASK even though in wild-type pT287 levels in this region are insensitive to light. This suggests that the lack of dCASK is allowing downstream neurons to become hypersensitive to light, supporting a role for dCASK in activity-dependent gain control of CaMKII T287 autophosphorylation at the circuit level as well as the subcellular level. We cannot distinguish from these data if the circuit level effects are realized via the effects of CaMKII on neuronal activity or are a consequence of loss of other functions of dCASK.
Increases in CaMKII Protein Levels Contribute to
Light-Induced Changes in CaMKII in the Retina Activity-driven autophosphorylation is not the only mechanism for altering CaMKII activity in vivo. In CaMKII autophosphorylation sites are regulated independently. Flies were raised under constant conditions on a 12 hr:12 hr light:dark schedule, fixed, and 10 mm sections cut at similar times during the light part of the day. Alternate slides were stained with either anti-pT287 (1:100) or pT306 (1:1000), and all slides were costained with an antibody which detects total CaMKII (1:40). All samples were processed together and imaged under identical settings. (C) The ratio of pT287/pT306 varies in a tissue-specific manner. Fluorescent intensity measurements were taken from 1 mm slices of specific anatomical regions and plotted as the mean of the ratio of the raw values 3 100 6 SEM. Scale bar = 40 mM. mammals, the mRNA for CaMKII is locally translated in response to light stimulation, and this translation is required for some forms of plasticity (Miller et al., 2002; Wu et al., 1998) . CaMKII protein can also translocate between subcellular compartments in the mammalian CNS (for review, see Griffith et al. [2003] ). Activity-dependent control of CaMKII levels has also been demonstrated in the Drosophila CNS (Ashraf et al., 2006) . At NMJ of muscles 12 and 13, synaptic levels of CaMKII were not altered significantly by manipulation of activity or dCASK (Figure 3) , indicating that changes in autophosphorylation were the predominant effector of activity-dependent CaMKII modulation at these synapses. To address this issue in the CNS, we quantified CaMKII immunoreactivity in the optic system in dark-reared and lightreared wild-type males. In the retina of animals reared in a 12 hr:12 hr light:dark cycle, CaMKII levels were 122% 6 6% of dark-reared animals (p < 0.05, Student's t test). CaMKII levels in the lamina at the R1-R6 synapses and in the medulla were not significantly higher. When the pT306 and pT287 changes in the retina are normalized to account for the change in CaMKII, there is still a significant increase in pT287 (light-reared pT287/total CaMKII is 149% of dark-reared, p < 0.001) and an even greater decrease in pT306 as a percentage of total kinase (light-reared pT306/total CaMKII is 39% of dark-reared, p < 0.001). These data suggest that modulation of both CaMKII levels and autophosphorylation occur in the sensory cells of the optic system, but that at synapses within the CNS, the primary activitydriven changes are in autophosphorylation.
Complex Behavior Can Alter T287 Phosphorylation
The data presented above indicated that light, a single channel sensory input, regulates CaMKII autophosphorylation in the optic system. We were also interested in determining if more complex experiences could also alter T287 phosphorylation. Drosophila courtship is a stereotyped behavior that is driven by visual, olfactory, gustatory, and tactile cues (Hall, 1994; Markow, 1987) . Males can learn to suppress courtship during training with a mated female, and this suppression is blocked by inhibition of CaMKII in antennal lobes (Joiner and Griffith, 1999) and enhanced by expression of Ca 2+ -independent CaMKII in the same region (Mehren and Griffith, 2004) . To determine if mating experience acutely altered pT287 levels, we compared antennal lobe pT287 in head sections of males that had been raised in isolation to males that were raised in isolation but allowed to copulate with a mature virgin female immediately before they were sectioned. In wild-type males, mating caused a significant increase in pT287 (Figure 6 ; p < 0.05). Total CaMKII levels were not significantly increased (mated antennal lobe CaMKII 114% 6 8% virgin, p > 0.3, Student's t test). Animals lacking dCASK had a higher basal Figure 5 . dCASK Levels Affect the CaMKII Response to Sensory Stimuli dCASK mutant and wild-type flies were raised in a 12 hr:12 hr light: dark schedule (wild-type, white solid; dCASK, gray stripe) or were maintained in constant darkness (wild-type, black solid; dCASK, black stripe). Flies were anesthetized and fixed for sectioning during the light part of the day. Alternate slides were stained with either anti-pT287 (1:100) or pT306 (1:1000), and all slides were costained with an antibody which detects total CaMKII (1:40). All samples were processed together and imaged under identical settings in the linear range of the signal. Data are presented as mean 6 SEM, and statistical significance of comparisons between light and dark within the same genotype are indicated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.
(A) pT306 levels are reduced at adult NMJs, but not affected by light. pT306 levels are regulated by light in optic regions in both wild-type and dCASK null animals. (B) pT287 levels in optic system neuropils are regulated by light in both wild-type and dCASK null animals. (C) pT287 levels are not affected in nonvisual synapses in wild-type but are improperly regulated at certain synapses in dCASK null animals.
level of pT287 but were not able to significantly increase it with mating (p > 0.05). These results are consistent with dCASK functioning in this brain region to regulate the level and dynamics of CaMKII constitutive activity.
Discussion
In this study, we present evidence that dCASK, the Drosophila homolog of the mammalian MAGUK scaffold protein CASK and C. elegans Lin-2, is a synapse-specific regulator of the ability of CaMKII to become Ca 2+ independent via T287 autophosphorylation. The transition to Ca 2+ independence has been shown to be a critical part of CaMKII's role in neural plasticity (for recent reviews, see Colbran and Brown [2004] , Elgersma et al.
[2004], Griffith [2004] , Lisman et al. [2002] ). The plasticity-inducing effects of constitutively active CaMKII have been documented at the cellular and behavioral levels in both vertebrates and invertebrates. This feature of CaMKII's activity is fundamental to its role in the neuron, and both too much and too little constitutive activity have deleterious effects on learning (Mayford et al., 1996) . Regulation of both the transition to the Ca 2+ -independent state and the maximum achievable level of constitutive activity is therefore likely to be important for brain function. dCASK is the first protein other than CaM to be shown to modulate this process.
CaMKII T287 Autophosphorylation Is Regulated by dCASK via Modulation of CaM Binding
The mechanism underlying dCASK's ability to impose gain control on CaMKII T287 autophosphorylation is based on its ability to stimulate autophosphorylation of the kinase's CaM binding domain at T306 in lowcalcium/low-activity conditions (Figure 7) . Phosphorylation of T306 (T305 in mammalian aCaMKII) was first seen in vitro with purified kinase and only occurs when the kinase is first rendered constitutively active by T287 phosphorylation and then has Ca 2+ /CaM stripped by addition of EGTA (Lou and Schulman, 1989) . This results in a doubly phosphorylated (pT287 + pT306) enzyme that is active but cannot bind CaM. In contrast, dCASKstimulated T306 phosphorylation does not require previous T287 phosphorylation and can therefore produce a monophosphorylated (pT306) enzyme that is inactive and cannot bind CaM .
Monophosphorylation of T306 would have two major consequences for CaMKII activity. The first is that individual pT306 subunits within a holoenzyme cannot be activated by Ca 2+ /CaM. In a neuron, this will produce a linear decrease in the level of CaMKII activity elicited by a calcium pulse since each subunit is an independent kinase. The second consequence is more subtle, but perhaps more important because of the special role of autonomously active CaMKII in plasticity. T306 In order to determine if mating altered CaMKII autophosphorylation, we compared pT287 levels in antennal lobes from virgin males to levels in postcoital males. Both wild-type and dCASK null males were reared in isolation in a 12 hr:12 hr light:dark cycle. Half the males were allowed to mate with females for 10-15 min, while the remaining males were exposed to an empty mating chamber. Immediately after mating was observed, both sets of males were prepared for sectioning and the levels of pT287 CaMKII staining in the antennal lobe quantified. (C) pT287 levels in antennal lobes were quantified. For wild-type, mated males (black bars) had significantly higher levels of pT287 (p < 0.05) than virgin males (white bars). Mating did not produce a significant change in pT287 levels in dCASK null males (p > 0.05). All data are presented as mean 6 SEM. monophosphorylation decreases T287 phosphorylation, because T287 phosphorylation obligatorily occurs between subunits within a holoenzyme and requires CaM binding to both catalytic and substrate subunits (Figure 7) . The cooperativity of T287 phosphorylation with respect to CaM binding means that there is a greater than stoichiometric disruption of T287 phosphorylation with increasing pT306. Thus, T306 phosphorylation has a greater impact on T287 autophosphorylation than on Ca 2+ -stimulable activity for intermediate levels of pT306 within a holoenzyme.
The Role of Modulation of CaMKII Activity in Behavior
In Drosophila, there is evidence for behavioral defects that may be a result of alterations in CaMKII activity. Long-term memory of odor-shock conditioning requires CaMKII and is associated with large increases in the amount of total protein in specific brain areas (Ashraf et al., 2006) . Associative courtship suppression has been shown to require antennal lobe CaMKII activity (Joiner and Griffith, 1999) and to be enhanced by overexpression of constitutively active CaMKII in the antennal lobes (Mehren and Griffith, 2004) . These studies suggest that both the total amount of CaMKII and the level of Ca 2+ -independent activity can be altered by plasticityinducing events.
These two modifiable parameters operate on different time scales and may have different roles. Autophosphorylation is very fast while new protein synthesis can take minutes to hours and is likely to be more important in long-term memory. In the retina, changes in total CaMKII levels were evident with the chronic exposure to a light:dark cycle, but changes in CaMKII autophosphorylation that were independent of kinase level also occurred. In the deeper reaches of the optic system, changes in autophosphorylation appeared to be the dominant effect. The insignificant change in CaMKII levels that we observed between mated and virgin males may be due to the very fast processing of the males after copulation or to the fact that we averaged pT287 over the entire antennal lobe. It is possible that there are glomerulus-specific changes in pT287 or total CaMKII that we did not detect.
There may be some short-term behaviors that are driven primarily by changes in autophosphorylation, such as suppression of courtship during training with a mated female (Mehren and Griffith, 2004) . In this behavior, overexpression of a Ca 2+ -dependent form of the kinase has no effect, implying that it is the Ca 2+ -independent kinase rather than total kinase activity that is important. The enhanced courtship suppression caused by constitutively active kinase is dose dependent and is manifested by a reduction in initial courtship index that parallels the level of autonomous kinase during the 1 hr training period. At extremely high doses, such as those achieved by the strong GAL4 driver GH146, courtship is completely suppressed and therefore no longer plastic (J.E. Mehren and L.C.G., unpublished data) . This indicates that there is a limited range over which CaMKII constitutive activity supports plasticity. Cellular mechanisms that regulate T287 phosphorylation are therefore critical to maintaining animals within that range.
Elimination of dCASK In Vivo Alters the Balance of pT287 and pT306 and Their Regulation by Activity and Behavior When activity-dependent autophosphorylation is examined in dCASK null animals, the in vivo role of the dCASK/CaMKII interaction can be dissected. Basal levels of pT306 in dCASK-deficient animals are decreased. Presumably, the residual pT306 in these animals is a result of autophosphorylation secondary to T287 phosphorylation, and most of the pT306 therefore would be expected to be found in doubly phosphorylated pT287 + pT306 kinase. The profound activitydependent decrease in pT306 in null animals is likely due to this dependence on primary T287 phosphorylation.
Is the dCASK/CaMKII interaction important for behavior? Basal levels of pT287 are increased in dCASK null animals, presumably as a secondary effect of the decrease in monophosphorylated pT306 subunits. For neurons in which the absolute level of constitutive CaMKII activity is important for behavioral or cellular plasticity (Bejar et al., 2002; Mehren and Griffith, 2004) , this basal elevation of pT287 would be expected to have consequences since neurons would be closer to their threshold for the plasticity process. Given the dependence of suppression on constitutive CaMKII activity, the elevation of pT287 in dCASK-deficient males would therefore be expected to reduce initial courtship. Consistent with this, we observe a slight reduction in courtship of anesthetized mature virgin females by dCASK-deficient males compared to wild-type (J.E. Mehren and L.C.G., unpublished data) . Since dCASK has many roles in the cell (c.f. Biederer and Sudhof, 2001; Hsueh et al., 2000; Marble et al., 2005; Nix et al., 2000) , it is difficult to assign this reduction solely to the change in pT287, but it is consistent with the robust effects of dCASK on CaMKII and the role of CaMKII in courtship behavior. Genetic rescue with a UAS-linked transgene (which is unlikely to provide exactly the correct amount of dCASK) would be uninformative on this issue since there appears to be a directly dose-dependence of dCASK level with pT306 (see Figure 1 and Lu et al., 2003) , and both decreases and increases in CaMKII activity can affect behavior.
When neuronal circuits are activated in the context of this higher basal level of pT287, the response to activity in primary cells of the circuit is blunted, as if there is a ceiling effect. The inability to increase the level of constitutive activity over this elevated baseline might also affect plastic processes in neurons where the biochemical processes subserving plasticity rely on the incremental change over baseline rather than on some absolute level of constitutive activity. There is evidence in Drosophila for such mechanisms in associative memory formation of courtship conditioning (Mehren and Griffith, 2004) and in hippocampus where it has been shown that LTP is occluded by overexpression of active CaMKII (Pettit et al., 1994) . Changes in both the baseline and stimulable levels of T287 phosphorylation could disrupt the ability of neurons to respond to plasticity-inducing signals.
Alterations in CaMKII autophosphorylation also appear to have consequences for circuit function. Mushroom bodies in Drosophila receive information about visual stimuli indirectly (Barth and Heisenberg, 1997; Heisenberg, 1994) . In wild-type animals, light does not stimulate phosphorylation of T287 in this neuropil. In dCASK-deficient animals, there is inappropriate activation of the kinase in the mushroom body calyx. This suggests that dCASK also has a role in controlling spread of information within neuronal circuits, perhaps by dampening CaMKII activation.
The results from biochemical assays and intact animal studies support a model in which the normal function of the dCASK/CaMKII interaction is to allow the activity history of the synapse to alter the probability with which CaMKII can become Ca 2+ independent. At synapses where activity has been low, the dCASK/CaMKII interaction will decrease CaM binding in the holoenzyme, making it less able to initiate T287 phosphorylation even after a strong calcium pulse. In synapses that have been active, Ca 2+ /CaM protects CaMKII T306 from autophosphorylation, and the kinase can robustly respond to calcium influx. This makes dCASK an important regulator of plasticity. How this protein is localized to synapses and how its availability for interaction with CaMKII might be regulated will be important to determine.
Experimental Procedures Fly Strains
Flies were grown at comparable density in bottles on standard medium at 25 C in 12 hr:12 hr light:dark cycle. The dCASK deficiency lines Df(3R)x307 and Df(3R)x313 (Martin and Ollo, 1996) were maintained over TM6bTb-UbGFP (from Bloomington Stock Center). Animals null for dCASK came from crosses between these strains and were confirmed by absence of markers and GFP. Other lines used include the muscle 12-specific GAL4-5053a line (Ritzenthaler et al., 2000) , the panmuscle driver MHC-GAL4 (Schuster et al., 1996) , and UAS-dORKDC (Nitabach et al., 2002) .
Antibodies
Anti-Drosophila CaMKII monoclonal antibodies (Takamatsu et al., 2003) were a kind gift of Shunji Ohsako (Tokyo Metro Inst Neuro). Initial rabbit pT306 antibody was a generous gift of Ype Elgersma (Erasmus University) (Elgersma et al., 2002) . Anti-pT287 (Santa Cruz), anti-actin (Chemicon), and anti-pT306 (Chemicon) were obtained commercially.
Fly Head Extracts
Age-matched flies were frozen in liquid nitrogen and decapitated by vortexing. Heads were collected by sieving. An equal number of frozen heads from each genotype were homogenized and solubilized in ice-cold RIPA buffer (13 phosphate-buffered saline [pH 7.4], 1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 13 fresh protease inhibitor cocktail [Roche], 1 mM DTT, 0.1 mg/ml PMSF, 1 mM Na 3 VO 4 , 50 mM Na F, 1 mM okadaic acid, 13 Ser/Thr phosphatase inhibitor cocktail [Sigma] ) for 30 min. Homogenates were spun at 500 3 g and then 14,000 3 g for 15 min at 4 C to remove debris. Protein was separated by SDS-PAGE, transferred to nitrocellulose, and analyzed by immunoblot. Bound secondary antibody was detected using enzymatic assay in a Molecular Storm phosphoimager.
Electrophysiological Manipulation
Stimulations were performed with an A-M systems 2100 isolated pulse stimulator. A suction electrode (the internal solution was 3 M KCl and external solution was HL3 with 1.5 mM Ca 2+ ) was used to deliver 10V at 10 Hz for 1 s every 5 s for 5 min via the severed motor nerve to a given NMJ. This protocol Wang et al., 1994) gave us a strong EJP response and similarly has been shown to elicit fast calcium signals in motor neuron terminals by confocal microscopy (Macleod et al., 2002) . The robustness of this protocol allowed us to confirm stimulation had occurred every time at a given NMJ by observing the strong stimulation-induced muscular contractions with the dissecting microscope. Animals were fixed immediately after stimulation and prepared for subsequent immunohistochemistry. Muscle 12 was visualized for analysis.
Behavioral Manipulation
Wild-type virgin females and test males were collected at eclosion and kept at 25 C and 70% humidity to acclimatize for subsequent behavioral experiments. Test males were isolated in individual, autoclaved tubes. Fly pairs, 4-to 6-day-old test males, and 2-to 5-dayold virgin females were placed in Plexiglass mating wheels as previously described (Mehren and Griffith, 2004) and were observed to mate, typically for 10-15 min. For sham tests, males from the same cross as test males were collected and isolated the same way but were kept alone in the mating chamber. Sham and test males were immediately decapitated under CO 2 anesthesia after their time in the mating chamber. For light-deprivation experiments, flies were reared in the dark throughout development and collected under red light or reared in a 12 hr:12 hr light:dark cycle. LD and DD animals were sacrificed at the same time in the subjective day and then processed in a microfuge tubes wrapped in aluminum foil to minimize light-dependent postmortem changes in the optic system of the animal and to reduce bleaching of fluorescent secondary antibodies.
Immunohistochemistry Third-instar larvae were dissected and stained as described previously (Hodge et al., 2005; Lu et al., 2003) . To make frozen sections, adult heads of wild-type or Df(3R)x307/Df(3R)x313 had their probosces removed under CO 2 anesthesia. The heads were fixed for 3-4 hr in ice-cold 4% paraformaldehyde in HL3 (70 mM NaCl, 5 mM KCl, 10 mM NaHCO 3 , 115 mM sucrose, 20 mM MgCl 2 , 5 mM trehalose, 1.5 mM CaCl 2 , and 5 mM HEPES [pH 7.1-7.2]), washed four times in HL3, and left rotating in 12.5% sucrose in HL3 overnight at 4 C. Tissues were then embedded in Tissue-Tek (Miles) and sliced at 10 mm thickness on a cryostat microtome. Frozen sections were allowed to dry for at least 1 hr on slides and washed three times in HL3. The sections were soaked in blocking solution (0.1% Triton-X, 0.1% BSA, and 3% normal donkey serum in HL3) for 1 hr and then incubated overnight at 4 C with either anti-pT287 (1:100) or pT306 (1:1000) rabbit polyclonal antibody and anti-CaMKII monoclonal antibody (1:40) in incubation solution (HL3 with 0.03% Triton-X, 0.1% BSA, and 3% normal donkey serum). After washing three times in HL3 with 0.03% Triton-X and 0.1% BSA, slides were incubated with appropriate donkey anti-Ig fluorescent secondary in incubation solution for 2 hr. Slides were then washed three times in HL3 with 0.03% Triton-X and 0.1% BSA, twice with HL3 and 0.1% BSA, and twice with HL3 slides before being mounted in 70% glycerol with Vectashield (Vector Laboratories).
Imaging and Quantification
All preparations within each experiment were processed in parallel and images acquired with identical settings using the 403 (zoomed 43; larval NMJ) or 503 (zoomed 1-43; adult brain structures) objectives of a Leica TCS SP2 confocal microscope. Care was taken to keep all intensity readings within the linear range below saturation. For quantification of rabbit anti-phospho-CaMKII (visualized with Cy5 anti-rabbit secondary, Jackson Immunolabs) staining, preps were counterstained with anti-CaMKII monoclonal (visualized with FITC anti-mouse secondary, Jackson Immunolabs). Experimental and control tissue where possible were contained on the same slide, to minimize any differences in antibody staining between slides. Quantification was performed on 1 mm sections with pixel intensity readings taken in a given region of interest for FITC and Cy5 using the Leica TCS SP2 quantification software. Quantification was performed blind to genotype and experimental condition. Statistical analysis was performed in Excel (Microsoft) and JMP (SAS). Significance levels were determined by one-way ANOVA unless otherwise specified and are presented as follows: *p < 0.05, **p < 0.01, and ***p < 0.001 in figures.
